Recently, fip, an Escherichia coli mutation that is unable to support assembly of the filamentous single-stranded DNA phage fl, was isolated, characterized, and mapped (19) . The fip gene was cloned into a fl vector, and the cloned gene was characterized. The gene was contained in a 3.4-kilobase PstI fragment of E. coli DNA and encoded a 12,500-dalton protein (20) .
Work in our laboratory suggested that the gene encoding thioredoxin, trxA, was located closer to ilv than previously reported and, in fact, could map in the same region as fip. Thioredoxin is an 11,700-dalton protein which contains an active site oxidation-reduction active disulfide (12) that can be reduced by the enzyme thioredoxin reductase with NADPH as the hydrogen donor (16) . In vitro, thioredoxin has been shown to participate in the reduction of ribonucleotides (12) , methionine sulfoxide (3, 18) , sulfate (18, 25) , and protein disulfide (9) . In vivo, thioredoxin is required as an essential subunit of the F--specific bacteriophage T7 DNA polymerase (15). Mutants defective in thioredoxin have been isolated and characterized in E. coli B strains (11) as well as in a K-12 strain (14) . The trxA mutation in a K-12 strain was found to be 34% cotransducible with metE and 12% cotransducible with ilvD (14) . A transposon, TnJO, was inserted between trxA and metE (8) .
In the further characterization of the trxA mutation (designated trxAl) isolated by Mark et al. (14) , we observed that the mutation appeared to be linked to a temperature-sensitive requirement for isoleucine and valine (7) . Since the trxAI allele was isolated in a strain that had an insertion and deletion of sup U, a gene near trxA, we used an independent source of trxA, the trxA7004 allele (previously designated tsnC) isolated in a B strain 7004 (11) . BH215, a trxA7004 K-12 strain, was constructed as described in Table 1 (6) . Under the conditions of these assays, A95 had 19.3% of the thioredoxin activity of the Fip+ isogenic strain A96, whereas A179 had 2.8% of the thioredoxin activity ( Table 2 ). The 2.8% activity may represent the lack of total specificity of the coupled assay.
To further shpw that fip and trxA are allele$ and that thioredoxin is required for fl phage replication, we analyzed growth of fl phage on known thioredoxin mutants. F'ts114 lac+ zzf-21: :TnJO was transferred from Salmonella typhimurium TT628 (5) to trxA strains by selection for Tetr. Strains JF500, JF501, and JF502 contain the trxAl allele (14) , the trxA7004 allele (11) , and the trxA7007 allele from B strain, respectively. The trxA7007 allele caused an aspartic acid replacement of glycine at position 92 in the thioredoxin molecule (10) . Neither fl nor M13 phage was able to form plaques on these thioredoxin mutants ( Table 3) .
The trxAI mutation was found to be an amber mutation ( Table 4 ). The suppression of the trxAl allele was examined by jptroducing various amber suppressors into a trxAI strain and measuring the resulting thioredoxin activity. DP110 [trp(Am) his(Am) trxAl] was transduced to trp+ with P1 grown on suppressor strains XAC supi, XAC sup3, XA sup6, and M7 supF(Ts). Transductants which had simultaneously become his' carried the amber suppressor. The trxAl sup strains and the parental strains were assayed for thioredoxin activity, and strains containing supD, supF, and supP were found to have 11 to 17% of the wild-type activity (Table 4) . Although the supF(Ts) allele seemed to be less effective in suppression of trxA1, the trxA1 supF(Ts) strain formed T7 plaques which were indistinguishable from those seen on a trxA+ strain. These results suggest that little thioredoxin activity is necessary to support the replication of T7 bacteriophage. F'ts114 lac+ zzf-21::TnJO derivatives of these strains were constructed by mating with S. typhimurium TT628 and selecting for Tetr. The results in Table 4 indicate that these F' derivatives are able to support fl and M13 replication. Suppression of the amber defect of trxAl restored cells to a Fip+ phenotype.
The trxA + gene was found to be located on plasmid pLC44-7 from the Clarke and Carbon collection as determined by elevated enzymatic activity of strain JA200(pLC44-7). A 650-base-pair fragment generated by partial HpaII digestion (pCJF5) as well as a 460-base-pair HpaII fragment (pCJF6) were subcloned into the AccI site of plasmid pUC13 (manuscript in preparation), and plasmids containing trxA+ Table 5 indicate that these plasmids contain the thioredoxin gene and also complement fip. The trxB (mutation for thioredoxin reductase activity) is not required for fl and M13 growth, since both phages formed normal plaques on BH76 (trxB). Likewise, trxB is not required for T7 growth (6) . The finding of a role of thioredoxin in the assembly of filamentous phage increases the significance of the cellular (13) have found that thioredoxin is localized in an osmotically sensitive compartment of E. coli that is thought to correspond to the zones of adhesion between the inner and outer membranes (see reference 2 for a recent review). Thus, the osmotically sensitive compartment is not the periplasm (2). Using immunoelectron microscopy, Nygren et al. (17) were able to demonstrate that thioredoxin is located at the periphery of the cell. These adhesion zones might be ideal sites for packaging of a phage to be transported through both membranes into the exterior of the cell without causing lysis.
Thioredoxin isolated from B strain 7007 has been shown to have significant thioredoxin activity (10) but to have increased Km and decreased Vm as a substrate for thioredoxin reductase. Since this mutant enzyme has a single amino acid substitution of aspartic acid for glycine at residue 92, mutant thioredoxin is unable to function in vivo to support fl growth. The gene I product of fl phage (20) may interact with thioredoxin on a face of the enzyme believed to be recognized by thioredoxin reductase and T7 DNA polymerase (10) . Suppression of the trxAl mutant allele by different amber suppressors gave thioredoxin activity as measured in coupled assays that varied from 5 to 17% of the activity of trxA+, yet this activity was sufficient to support either T7 or fl growth. In fact, there was only weak suppression of trxAl by the supF(Ts), and yet it supported the growth of T7 and fl phages. These results suggest that only a fraction of the E. coli thioredoxin is required for the phage functions. The observation that trxB is not required for the growth of fl is not surprising, since trxB supports the growth of T7 (6), yet T7 DNA polymerase in vitro requires reduced thioredoxin (1) . There would appear to be a disulfide reducing system or a transhydrogenase activity that can keep thioredoxin reduced in the absence of thioredoxin reductase (7) .
